Abstract The performance of materials in perovskite solar cells has garnered a fair amount of interest because they are solution processable and thus a prime target for roll-to-roll coating. The precursor materials are typically prepared in solutions and deposited using common evaporative techniques, some that can be adapted to roll-to-roll manufacturing. However, there are some existing challenges that should be overcome to allow for the films to be stable in ambient conditions such that they can be deposited more cost-effectively. In this work, we report on solution engineering that enables deposition of the perovskite materials in an ambient environment using roll-to-roll applicable technologies. These engineered chemistries were also designed to enable rapid post-processing steps to limit the web length within a conventional oven. Scanning electron microscopy and X-ray diffraction analysis showed that the films achieved consistent morphology and crystallinity, and performed well in solar cell devices. Results of several chemistries and processes will be presented.
Introduction
The perovskite solar cell (PSC) has seen impressive improvements in efficiency and durability in a very short period. These are encouraging for the commercial success of this technology which utilizes low-cost absorber materials. The bulk of work has focused on the absorber which has resulted in photovoltaic conversion efficiencies (PCE) over 20%
1 from the pioneering work. 2 This rapid growth of the PCE is attributed to excellent material properties of organometallic halide materials such as high light absorption coefficients, 3 longer diffusion lengths, 4 and high charge transfer capabilities. 5 The organometallic halides are represented by the AMX 3 structural formula where A denotes the organic cations such as methylammonium, butylammonium, and formamidinium; M represents metal cations such as lead (Pb) and tin (Sn); and X corresponds to halide anions such as iodine (I À ), chlorine (Cl À ), and bromine (Br À ). The precursor solutions are deposited using solution phase processes that are amenable to roll-to-roll techniques such as slot-die, 6 ultrasonic spray, 7 and gravure. 8 Typical roll-to-roll processes utilize solution-based inks followed by a thermal post-deposition step to evaporate solvents, initiate chemical reactions, and sinter the materials. The residence time of postdeposition processes is considerably longer than deposition, and hence, the ovens dominate the production line. Although this accepted protocol has been established over decades of operations, it does incur inefficiencies, downtime, and yield issues. Technologies that can reduce the habitual reliance on large scale ovens will improve the throughput and reduce costs of advanced roll-to-roll manufacturing. This is of impor-tance for the scalability of perovskite solar modules which require deposition of at least four distinct thin films with post-deposition morphology changes. Opportunities to reduce the residence times in these processes will improve the commercial relevance of this technology. Radiant heating technologies such as intense pulsed light (IPL) focus energy into the thin films, thus allowing for higher temperatures on thermally unstable substrates through reduced dwell times within milliseconds.
The use of light energy to induce a rapid thermal response through IPL has been used in the PV industry. 9 Rapid fabrication of conductive Cu thin films from CuO, 10 rapid heat treatment of Cadmium sulfide (CdS) films, 11 rapid reduction of graphene oxide for printed electronics, 12 and swift fabrication of copper indium gallium diselenide (CIGS) thin films from Cu(In 0.7 Ga 0.3 ) (CIG) metallic alloy and Se nanoparticles 13 are some of the breakthrough applications of IPL carried out so far. Recently, Gupta et al. 14 could successfully develop MoS 2 catalyst layers for hydrogen revolution through IPL annealing. In these processes, the light energy produced from lamps (typically xenon lamps) is absorbed by the thin films and subsequently released as heat. Most of the functional materials used in photovoltaics absorb light energy; and for this reason, the IPL process has ample opportunities to displace traditional thermal processes. The incident radiation I o (k) is directly related to the spectrum of light (S(k)), a fixed property of the lamp (with a representative shape shown in Fig. 1a) , and the energy density (ED) of light can be manipulated through voltage control. The light with energies in the range of absorptivity (k) of the thin film is absorbed (Fig. 1b) , which results in the production of heat as excited electrons release the energy. The depth of absorption is also a function of the film thickness (t). The transfer of energy can be conducted further into the film/substrate, or convected/radiated from the surface. The application of light energy can also be controlled through varying the pulse duration (PD) and frequency (PF) (Fig. 1c) ; thus, the operational parameters of the technique are considerable. The IPL process delivers high intensity light that can result in very rapid temperature changes over wide areas, making them applicable for roll-to-roll production. The rapid processing also allows the IPL to be done in ambient atmospheres as the interaction with oxygen and moisture is limited. However, optimal IPL conditions such as the pulse energy and its dwell time, as well as the sample distance with the light source are mandatory to obtain high quality thin films with minimal defects. In this interim, the deposition and post-processing of the PSC thin film materials should result in uniform films with superior morphology and without any defect states, such as cracks or pinholes, to minimize the series resistance and charge recombination possibility throughout the cell. 15, 16 In this paper, we give several examples of the conducted experiments using IPL processing on perovskite solar cell materials. Results from two-step deposition and single-step deposition are given. The IPL process is demonstrated on a CH 3 NH 3 PbI 3 and triple cation perovskite material. The use of additives and process tuning is also described. The deposited films are analyzed using X-ray diffraction (XRD) and scanning electron microscopy (SEM). Sample devices were built and tested using standard J-V characterization.
Discussion
In the first demonstration, Troughton et al. studied the impact of IPL on the performance and quality of spincoated CH 3 NH 3 PbI 3Àx Cl x perovskite films by investigating the impact of flash dwell time and energy on crystallization and grain growth of the perovskite absorber. 17 In their work, they compared the efficiency of the cells in which the perovskite absorber was cured on a hotplate for 90 min vs rapid IPL sintering within 750 to 1500 ls pulse dwell time with 250 ls increment. Their results indicated 15% efficiency for the 90 min cured cells, and 11% for the IPL sintered cells within the optimal 1.15 ms pulse dwell time with 3.99 J cm À2 . Shorter dwell times resulted in incomplete formation of the perovskite black phase, while longer durations than 1.15 ms degraded the perovskite film. They attributed the lower efficiency of IPL sintered cells to the weaker perovskite film quality with nonuniform roughness and smaller grain sizes compared to prolonged hotplate annealing. This work exhibits a certain degree of optimization of IPL annealing by varying dwell time and energy.
The crystallization and grain growth of hotplate and IPL annealed CH 3 NH 3 PbI 3 perovskite films have recently been studied by Muydinov et al., 18 in which they studied the annealing temperature, pulse duration, and exposure time on the morphology of perovskite films made with three different molar ratios of CH 3 NH 3 to PbI 2 (1:1, 2:1, and 3:1). Their finite element analysis simulation indicated that IPL can generate temperatures of up to 350-420°C. They showed from their results that an optimal energetic flash of 8 J/cm 2 could effectively decompose PbI 2 -DMF solvate, eliminate the DMF solvent, and provide the optimal perovskite film morphology after annealing without degrading the perovskite phase. However, prolonged hotplate annealing at the elevated temperature of 140°C could considerably degrade the material, displaying the PbI 2 peak within the XRD spectra. Their surface study indicated discontinuity within the grains of the nonstoichiometric inks, which exemplifies the significance of ink engineering on final product quality. IPL annealing has been also applied to the perovskite absorber made through two-step deposition. 19 The top SEM surface and cross-section images of the as-deposited material (Figs. 2a and 2b) show that the film is rough and granulated. A single pulse of light with an energy density of 33.3 J/cm 2 resulted in a full transformation of the perovskite material with smoothed film, resulting in intercalation of the mesoporous layer (Figs. 2c and 2d) . A finite element analysis of the IPL process determined that the film reached temperatures in excess of 700°C; however, XRD demonstrated a decrease in the PbI 2 peak. Sublimation of CH 3 NH 3 should occur at these temperatures which would degrade the perovskite material; however, the XRD and SEM both revealed an improvement of the morphology of the layer. This demonstrated that the temperatures were high enough to induce a phase transition, but the pace of the thermal response was too rapid to induce degradation. The resulting solar device had an efficiency of over 12% (Fig. 2) , and the performance of the IPL processed perovskite was higher than the hot plate annealed. In this work, the perovskite was deposited in an inert environment, but the IPL process was carried out in an ambient atmosphere. Ideally, the entire process would be done under ambient conditions for roll-to-roll applications, but this work was a step in the right direction.
Moving perovskite deposition into an ambient environment requires that some changes to the precursor chemistry be made to produce a good perovskite material. Surfactants or binders added to formulation can improve the deposition of perovskite, but these often leave undesired organics that can reduce the performance when integrated into a solar cell. It is well known that ultraviolet light can be used to cleave these organics and the IPL lamp extends into these wavelengths. In a second attempt to utilize the IPL process, a film was deposited through a one-step spin-coating technique outside of a glove box. 20 In order to improve the surface morphology of the deposited film, a binder such as polyvinylpyrrolidone (PVP) was added. PVP has been a useful surfactant for perovskite solar cells. 21 The formulation also included methyl ammonium chloride (CH 3 NH 3 Cl) because chloride incorporation improves surface morphology. 4 As can be seen in Fig. 3 , PVP improved perovskite absorber morphology. Optical images of the film also suggest that PVP addition improved the color of perovskite. Unfortunately, PVP incorporated perovskite absorbers were not photoactive; however, ambient processed films without PVP did have a photovoltaic performance. This work was unsuccessful at improving photovoltaic performance, but was a fundamental experiment to eventually produce perovskite solar cells under ambient conditions with IPL annealing.
Depositing perovskite with a co-solvent or binder that would interact with the IPL radiation was further explored with the roll-to-roll favorable single-step thin film deposition. 22 Liang et al. showed that the addition of diiodooctane to the perovskite formulation improved device efficiency. 23 When included in the perovskite formulation, both diiodomethane (CH 2 I 2 ) and diiodooctane can improve perovskite performance. CH 2 I 2 degrades into I À and CH 2 I + when exposed to ultraviolet (UV) light which is a component of the IPL lamp. 24 Iodine incorporation during perovskite annealing should improve the layer quality by filling iodine vacancies in the crystal lattice and therefore improve device performance. The SEM images show that the coverage of CH 2 I 2 IPL processed films was improved (Figs. 4a and 4b) . The XRD spectra indicated that there was no obvious degradation of the perovskite material in the presence of UV (Figs. 4c and 4d) . Nyquist plots suggested that recombination resistance of perovskite was vastly improved upon addition of CH 2 I 2 (Figs. 4e and 4f ) and most likely is the largest contributor to photovoltaic improvements. Finally, the performance of IPL processed devices with films containing CH 2 I 2 outperformed devices built without CH 2 I 2 (Fig. 4g) .
In another work, our group has recently incorporated CH 2 I 2 additive within the mixed triple cation Cs 0.05 (MA 0.85 FA 0.15 ) 0.95 PbI 3 perovskite ink to fabricate efficient PSC through a planar n-i-p structure on SnO 2 electron transport layer in a 60% relative humid environment. The results indicated that the addition of diiodomethane impacted perovskite morphology not only by retarding the crystallization and avoiding the dendrite structures caused by the natural nucleation during the spin-coating process, but also reducing the number of grain boundaries due to the release of I À during the IPL process. This is similar to the results with the methylammonium cation. The PSC using diiodomethane additive was rapidly annealed through sequential photonic annealing through IPL on both the electron transport layer and the perovskite absorber film and showed a maximum PCE of 12.56% with an impressive fill factor as high as 78.3% for the rigid FTO-glass slides, and 7.6% PCE with 64.75% fill factor on ITO-PET flexible substrates. This work is an example of a precursor additive that can be used with the high efficiency, mixed triple cation perovskite ink under ambient conditions and is compatible with IPL annealing.
Beside perovskite absorbers, IPL has been applied to other materials used in the fabrication of PSC such as the electron transporting thin film materials. For instance, Zhu et al. could successfully form a thin film of SnO 2 from a 0.1 M diluted solution of SnCl 4 through 20 ms IPL exposure. 25 They sintered the SnO 2 through IPL and annealed the perovskite film on hotplate for 30 min at 70°C. Das et al. 26 created planar CH 3 NH 3 PbI 3Àx Cl x perovskite solar cells by applying photonic annealing on conventional TiO 2 electron transport layers on both flexible and rigid ITO substrates by spin coating a filtered solution of titanium isopropoxide in isopropyl alcohol and HCl. They annealed the coated films through three stages by initially soft baking the films at 80°C for 10 min, then furnace curing at 500°C for 30 min, and, finally, through a plasma arc lamp sintering machine. The sintering pulse counts and duration were 25 and 7 ms for the rigid substrates, and 10 pulses with 2 ms for flexible substrates with 500-ms delay time between pulses. Using this method, they achieved to 15% and 11.2% efficiency on rigid and flexible substrates, respectively.
All these studies indicated the use of IPL as a promising method toward rapid and cost-effective rollto-roll manufacturing within various fields of science, particularly the PV industry. Despite these favorable breakthrough results using the IPL technology, further investigation is still required to understand the science, particularly the impact of irradiated UV on crystallization and thin film quality. These can include a more in-depth study over the impact of pulse duration and energy, flash delay time, and the surrounding environment on the achieving film morphology. The integration of the technology advances with more in-depth study of the related science behind the rapid photonic annealing will be examined and addressed in future works.
Conclusion
The IPL process has been successfully used to rapidly anneal the thin films of perovskite solar cell materials for photovoltaic device manufacturing. The applicability of IPL annealing was demonstrated on various PSC thin films including metal oxide electron transport materials, such as SnO 2 and TiO 2 , as well as single-step and two-step spin-coating processes of the single and mixed triple cation perovskite ink formulations. The addition of additives that interact with the UV portion of the IPL has also been shown to improve the performance. All the conducted experiments indicated that the integration of IPL with roll-to-roll printing methods would result in a swift and cost-effective fabrication of PSC; yet, further study is required to understand the science of crystallization and final thin film morphology in this technology. 
